Abstract: Adolescent idiopathic scoliosis (AIS) is a complex threedimensional deformity of the spine requiring in severe cases invasive surgery. Here, we explore the potential of optical coherence tomography (OCT) as a guiding tool for novel fusionless minimally invasive spinal surgeries on an ex vivo porcine model. We show that OCT, despite its limited penetration depth, may be used to precisely locate structures such as growth plate, bone and intervertebral disk using relative attenuation coefficients. We further demonstrate a segmentation algorithm that locates growth plates automatically on en-face OCT reconstructions. 
Introduction
Adolescent idiopathic scoliosis (AIS) is a complex three-dimensional deformity of the spine requiring surgery in severe cases. Traditional surgeries for the correction of scoliosis involve an invasive intervention leading to the fusion of instrumented vertebrae. A long and painful recovery period follows the surgery and a major aesthetic trauma remains for patients [1] . Consequently, several fusionless minimally invasive surgical techniques are under development. The correction of AIS via growth modulation approaches [1] [2] [3] [4] [5] [6] is promising. One of these approaches consists of inserting a small staple at the junction of the intervertebral disk and the growth plate (the region where bone growth takes place) to provide passive resistance and locally induce a corrective growth modulation [4, 6] . The positioning of the staple is critical to the efficiency of the intervention [6] . This involves the precise localization of sub-surface musculoskeletal structures such as growth plates, intervertebral disks and vertebral bodies. In humans, growth plates are located on the end-plates of vertebrae next to the intervertebral disk and are mainly composed of cartilage surrounded by a fibrous ring [7] .
Optical coherence tomography (OCT) is an optical imaging technique that provides noninvasive cross-sectional images of tissues to a depth of a few millimeters with a resolution ranging from 3 to 20 µm [8, 9] . OCT uses low-coherence interferometry to provide depth profiles of a sample's reflectivity in real-time and with a high signal-to-noise (SNR) ratio. The technique is compatible with in vivo endoscopy as it can be performed through fiber-based catheters [9] . The use of OCT for musculoskeletal imaging has been reported for osteoarthritis monitoring where it is used to image the bone-cartilage interface and to evaluate the collagen organization of articular cartilage [10] [11] [12] [13] [14] [15] [16] [17] . Moreover, the development of OCT handheld probes has enabled in vivo visualization of structural changes in cartilage [16, 17] . These developments suggest that OCT is a good candidate for intraoperative identification of growth plates, intervertebral disks and vertebral bodies during the installation of fusionless devices.
In this study, the intrinsic contrast of OCT images was assessed in an ex vivo porcine model in order to develop an endoscopic imaging procedure for intraoperative identification of growth plates. We herein present the results of this imaging study in addition to those of the implementation of an automated segmentation algorithm of the growth plates based on attenuation analysis.
Materials and methods
To assess OCT contrast of musculoskeletal tissues, porcine vertebrae were imaged and resulting OCT images were compared to corresponding histological sections. In orthopaedics, porcine models are often used to validate experimental surgical procedures as the growth rate, size and anatomy of the piglet are similar to those of juvenile and adolescent humans [1, 5] . In addition, swine, like most mammals, present a second ossification center between growth plates and intervertebral disks. Small variations between human and porcine vertebrae anatomy do exist, however, it is believed that the composition of their tissues is similar [18] , suggesting comparable OCT contrasts.
Imaging procedure
Freshly excised 6 months old porcine vertebrae were imaged using a commercial sweptsource OCT (SS-OCT) microscope (Thorlabs, NJ, USA, discontinued). This system includes a laser source centered at 1325 nm with a spectral bandwidth of 100 nm providing an average output power of 10 mW at the sample. Images are acquired at a rate of 25 fps (i.e. 12,800 Alines/s) and axial and transverse resolutions are 12 and 15 µm respectively. As shown on Fig. 1(a) , vertebrae were imaged along an axis passing through the growth plate and volumetric data were acquired. With a fine needle, two India ink marks were positioned on each side of the growth plate on the imaging axis ( Fig. 1(b) ). These fiducial markers indicate the margins of the region of interest and were used to guide the histological preparation of the samples in order to validate structures seen on OCT images. Immediately after imaging, each sample was immersed in a 10% neutral buffered formalin solution for fixation. Samples were kept refrigerated between the time of sacrifice and the imaging session. The imaging procedure time from the excision of the vertebra from the spine to the fixation was approximately 30 minutes.
Preparation of histological sections
After fixation, the samples were decalcified, embedded in paraffin and cut in sections of 5 µm along the axis formed by the fiducial markers. This procedure allows a morphological correlation between images obtained with the two modalities. Histological sections were stained with H&E and Safranin O before being imaged with an optical microscope (Stemi 2000-C, Carl Zeiss, Germany).
Quantification of relative attenuation coefficients
In order to further characterize the spinal tissues of interest with OCT, relative attenuation coefficients were measured on 10 sections of spine, each taken from a different porcine specimen. Measurements consisted in evaluating the attenuation of OCT signal as a function of depth for growth plates and bones (9 samples), intervertebral disks (8 samples) and for layers of connective tissue covering the vertebrae (8 samples). To improve signal-to-noise ratio and remove speckle noise, 6 consecutive B-scans of a same volume set were averaged. From this slice, 50 A-lines were averaged (totaling an average of 300 A-lines) to obtain an attenuation profile (OCT signal versus depth). To account for topology, A-line averaging was performed after each A-line was shifted up or down to align the air-tissue interface. Each profile was plotted as the logarithm of the intensity as a function of depth and the pixels delimiting the region of interest were identified manually. The slope of the best linear fit of each curve was computed and normalized according to the maximum intensity belonging to the studied tissue. A factor of 2 was included to account for light round trip within the tissue of interest. This value represents a relative attenuation coefficient corresponding to the decay of the OCT signal with increasing depth according to Beer's law. This method was previously described by McLaughlin et al. and used to identify optical property variations between pathological and normal tissues [19] . For growth plate and bone, coefficients were measured with and without the layer of connective tissue covering those structures: after imaging each intact vertebra, this layer was removed with a scalpel to unequivocally identify the position of the growth plate on OCT images. India ink markers were used as described previously to correlate images from both 3D OCT acquisitions. A non-parametric t-test was used to compare relative attenuation coefficients of the growth plates to those of the surrounding tissues. 
Imaging results

Correspondence between OCT and histological sections
Figure 2(a) shows a Safranin O stained histological section of a porcine vertebra where a superficial layer of connective tissue (~400 µm -and covering all spinal structures) has been removed to initially facilitate the identification of the growth plate. Figure 2(b) represents the corresponding OCT image. Fiducial markers visible on both the OCT section and the histological section (highlighted by arrows) allowed accurate determination of the growth plate and bone locations. The signal attenuation as a function of depth is weaker at the location of the growth plate compared to the surrounding bone sites (corresponding to the vertebral body to the right and the second ossification center to the left). Figures 2(a) and 2(b) also show a thickening of the connective tissue layer on the left side of the image where the second ossification center meets the intervertebral disk (not shown). At this point, the signal decay is non-monotonic and creates a banding pattern which is consistent with polarization changes occurring as light passes through the collagen-rich connective tissue layer [13] .
Figures 2(c) and 2(d) show the histological and OCT sections of an intact porcine vertebra sample, i.e. a sample for which the layer of connective tissue covering spinal structures was not altered. This connective tissue layer can be identified on the OCT image by its clear interface with bone tissue and by the banding pattern consistent with polarization changes due to the tissue birefringence. Despite attenuation from this superficial layer, the interface between the bone and the growth plate (highlighted by oblique arrows) remains identifiable. The second ossification center, between the growth plate and the vertebral end-plate, is however obscured on this sample by the extension of the growth plate seen on the histological section ( Fig. 2(d) ).
Relative attenuation coefficient measurements
Relative attenuation coefficients were measured in several sites of porcine vertebrae including growth plates, osseous tissue, intervertebral disks and connective tissue using an average of 50 consecutive A-lines from a slide composed of 6 consecutive frames. These A-lines come from regions of interest as shown in Figs. 3(d) and 3(e). Figures 3(a)-3(c) show typical A-lines for growth plate, intervertebral disk and bone, respectively. These profiles demonstrate the OCT signal differences between the musculoskeletal tissues of interest. Signal from growth plate and bone is monotonically decaying and can be fitted with a linear regression while for the intervertebral disk, the lamellar morphology is clearly observed. For measurements within the intervertebral disk region, linear fits were performed using only points corresponding to each local maximum as identified by red asterisks on Fig. 3(b) . Figure 3 (f) shows average relative attenuation coefficients along with their standard error on the mean. Non-parametric t-tests were used to compare measured relative attenuation coefficients with each other. Coefficients were first compared between intact and modified samples (without connective tissue) for both growth plate and bone and showed no statistical difference. This result indicates that attenuation from the connective tissue layer had no significant impact on the measurement. Coefficients for different tissues from intact samples were also compared to that of the growth plate. For each structure, there was a significant difference (p ≤ 0.05) in attenuation compared to that of growth plate, suggesting that this measurement may be used to automatically segment growth plates on intact vertebrae with OCT data. 
Preliminary implementation of an automatic growth plate segmentation algorithm
In this section, a segmentation algorithm is developed using the relative attenuation coefficients measured in Section 3. The algorithm was validated on a specimen that was not included in the set used to measure the coefficients.
Description of the algorithm
To demonstrate the utility of relative attenuation coefficients to segment growth plates on musculoskeletal tissues, an automatic detection algorithm was developed and implemented. The algorithm analyzed each A-line to measure the relative attenuation coefficient of the tissue beneath the connective tissue layer. First, 3D averaging was performed with 41 x 41 Alines centered on the A-line of interest accounting for topology variations as described previously. The selected number of A-lines reflects a compromise between improved SNR and reduced layer localization. The resulting averaged A-line was then normalized such that the logarithm of the intensity was scaled between 0 and 1. Linear regression was performed on the averaged A-line between an upper limit (defined as the interface between the connective tissue layer and the tissue of interest) and a lower limit (defined as the point where the signal dropped to 10% of the averaged A-line maximum value). The interface between the connective tissue layer and the spinal structures was set by minimizing the error between the linear fit and the logarithmic intensity plot while maximizing the number of points used for the linear fit. The coefficient was calculated from the slope of the linear regression as described previously.
An additional criterion related to the minimal intensity reflected by the analyzed tissue was added to the algorithm. Indeed, when the value of the intensity of the first pixel of the fit was below a certain threshold, the relative attenuation coefficient was fixed at a null value. This criterion ensures that enough points are available for the fit in addition to detecting bone region with a strong attenuation coefficient. Results were displayed using a red binary image overlaid on the en-face projection of the OCT volume, as shown in Fig. 4(a) . For relative attenuation coefficients between 0.62 and 1.05 mm
, a value of 1 was given to the binary image and corresponded to an A-line within the growth plate region. This range corresponds to that of growth plates according to the ex vivo study presented previously. 
Growth plate segmentation: preliminary results
Figure 4(a) shows an en-face sum projection of the OCT volumetric data set combined with results from the automated growth plate segmentation algorithm. The projection is oriented so that the vertebra-disk interface is at the top of the image. As mentioned previously, red regions correspond to tissues that have been identified as growth plate by the algorithm. Figures 4(b) and 4(c) are, respectively, a frame extracted from the OCT volume and its corresponding Safranin O histological section. A-lines exhibiting attenuation coefficient in the above mentioned range were identified as growth plate and shown in red on the OCT section.
Discussion
This study assesses the potential of OCT for differentiating spinal tissues. In this work, we showed that OCT provides sufficient optical contrast to identify growth plates and distinguish between different spinal tissues, whether growth plates, surrounding soft/connective tissues, bone or intervertebral disks. OCT could overcome limitations associated with actual surgical guiding technique by providing an intraoperative real-time imaging modality for sub-surface growth plate identification without the use of ionizing radiation. Indeed, previous experimental surgical techniques involving insertion of growth modulation devices and requiring the localization of growth plates used fluoroscopic imaging guidance [4] . Such an imaging method lacks real-time capability as it only provides surgeons with snapshots at different time points during the procedure. Additionally, the use of x-rays requires protective clothing for the surgical team and exposes the patient to small radiation doses.
Through ex vivo imaging of porcine vertebrae, we highlighted distinctive features allowing a visual identification of musculoskeletal structures that were confirmed through histological correlations. Inherent birefringence of connective tissues introduces a band pattern that can be observed on OCT images. Birefringence in cartilaginous tissues has already been observed in osteoarthritis studies and is known to be related to the collagen matrix organization. Several studies have shown that the use of banding pattern or polarization sensitive changes can be used as a reliable marker to diagnose articular cartilage degeneration [11, 13, 15, 17] . This band pattern could also be seen on a limited number of specimens in the growth plate, albeit with a very small visibility. Growth plate and bone were typically characterized by a monotonically decaying OCT signal having different attenuation coefficient values. The lamellar morphology of intervertebral disks made it very recognizable among other structures. Imaging of the intact vertebra suggests that OCT has an adequate penetration depth for the visualization of growth plates underneath a connective tissue layer, albeit on a porcine model.
In addition to morphological features, we also showed that relative attenuation coefficients can be used as an additional contrast mechanism to differentiate musculoskeletal structures. The use of attenuation measurements to enhance tissue contrast on OCT images has been previously assessed for cardiovascular [20, 21] and oncological applications [19] . We quantified the signal attenuation for some musculoskeletal tissues of the spine showing that growth plates present a distinctive relative attenuation coefficient range when compared to surrounding tissues. Osseous tissues had the strongest attenuation coefficient which may be explained by a strong absorption from red blood cell precursors in the bone marrow.
Relative attenuation coefficients measured in this study did not account for the influence of the confocal properties of the system as depth of focus and the position of the focus in the sample. Absolute values of attenuation coefficients can be extracted from OCT data by accounting for these parameters with a more complex model as shown by van der Meer et al. [20] . Relative attenuation coefficients are however easier to calculate and relevant from a clinical perspective. In our case, only relative changes of optical properties are required to distinguish between different types of tissues. A calibration procedure may however be necessary when different acquisition systems are used.
An automatic segmentation algorithm was further implemented to demonstrate the potential of signal attenuation quantification for the identification of growth plates on OCT images. The algorithm successfully identified the growth plate on an OCT volume of a porcine vertebra amidst bone and intervertebral disk tissues. This algorithm could easily be added to an OCT acquisition software to provide surgeons with additional real-time information. This simple algorithm correctly identified the growth plate on our samples. However, testing it on a larger data set would be required to calculate sensitivity and specificity ratios.
Some limitations have been identified. In the en-face projection, one can see that some regions of the bone have been erroneously identified as growth plate tissues. The analysis of the erroneous attributions showed two main reasons of these failures. First, the limit between the connective tissue layer and underlying tissues was not always properly assessed. Second, in transition regions where growth plate and bone overlap, the computed monotonic relative attenuation coefficient was indeed erroneous. To overcome these limitations further improvement on the algorithm will allow for multiple decay rates when two monotonic decays do not fit the data. Moreover, combining relative attenuation coefficient with other OCT contrast mechanisms as banding pattern due to birefringence and lamellar morphology will certainly enable a good segmentation of all musculoskeletal structures.
Future investigations include using these results in vivo on a porcine model with a handheld OCT probe. Longer wavelength could also be investigated towards improving the growth plate detection depth [22, 23] .
